The influcence of addition of 10 B and 11 B on radiation hardening as a function of irradiation temperature was examined in reducedactivation martensitic F82H+B steels (8Cr-2W-0.2V-0.04Ta-0.1C-0.006B). Specimens used were 10 B doped, 10 B+ 11 B doped and 11 B doped F82H steels. Helium concentration produced in the specimens through 10 B(n, ) 7 Li reaction was measured from about 15 to about 330 appm. Radiation hardening of the specimens irradiated at 300 C to 2.3 dpa and 150 C to 1.9 dpa was observed. Increment of radiation hardening possibly due to helium in the specimen irradiated at 300 C tended to increase slightly with increasing helium production in tensile test at 20 C, but it was not observed for 150 C irradiation. Therefore, it can be mentioned that the enhancement of radiation hardening in the 10 B( 11 B) doped steels depends on irradiation temperature. The dependence of radiation hardening on tempering time was also examined for F82H-std irradiated at 150 C to 1.9 dpa. Increment of yield strength of F82H-std tended to increase with increasing tempering time. The relation between the shift of DBTT and the increment of yield strength due to irradiation suggest that the extension of tempering time or the increase of tempering temperature would be beneficial for mechanical properties of F82H-std.
Introduction
Reduced-activation ferritic/martensitic steels are candidate materials for the vessel of the liquid target of spallation neutron sources and for the blanket structure of fusion reactors. Structural materials for these applications must withstand not only displacement damage but also transmutation-induced embrittlement. Therefore, the effects of neutron irradiation on tensile deformation, ductile to brittle transition temperature (DBTT), and microstructures of F82H and the other ferritic/martensitic steels have been extensively investigated. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] On the course of these research activities, hardening and upward shift of DBTT induced by neutron bombardment have been commonly regarded as crucial problems. Radiation hardening occurs mainly at irradiation temperatures lower than about 400 C, and it increased with decreasing irradiation temperature down to about 250 C. The DBTT tends to increase with decreasing irradiation temperature as well, and the shift increases largely at 250 C. The issue of helium accumulation effects on these properties has been an ongoing concern. Recently, the effect of helium production on radiation hardening has been examined and large enhancement of hardening due to helium from 600 to 5000 appm was detected in tensile tests on 9Cr martensitic steels EM10 and T91 implanted by cyclotron experiments. 14, 15) Slight enhancement of radiation hardening was also reported in neutron irradiation experiments 16, 17) and other ion beam experiments. 18, 19) In the other cyclotron experiments, 20, 21) the enhancement of radiation hardening due to helium production was hardly observed up to 600 appm He. The studies on DBTT shift due to helium have been done by several researchers. [8] [9] [10] However, the details of the dependence of DBTT on helium production has not been made clear yet. Radiation-induced degradation of fracture toughness related to helium production is recognized to be one of the critical issues of the alloys. Futhermore, the synergistic effects of helium, hydrogen and displacement damage have been reported for swelling behavior [22] [23] [24] and mechanical properties, [25] [26] [27] [28] [29] [30] [31] and the synergistic effect has been another ongoing concern.
In order to clarify the influence of helium production on radiation hardening, the isotope 10 B doping technique was used to introduce helium atoms in the alloy. The amount of helium was varied with using different 10 B concentrations in a mixed spectrum reactor irradiation with thermal and first neutrons. Since doping of the B element can affect the mechanical properties before and after irradiation, the isotope effect of B was minimized by comparing the results of mechanical tests of 10 B and 11 B doped specimens. One of purpose in this study is to evaluate quantitatively the contribution of helium production to radiation hardening in F82H as a function of irradiation temperature and helium concentration, considering the synergistic effect of helium and displacement damage by means of 10 B-method. Several researchers 6, [8] [9] [10] [32] [33] [34] reported that the increase of yield strength and the shift of DBTT were different in several martensitic steels, such as F82H, JLF-1, JLF-1B, ORNL 9Cr-2WVTa, OPTIFER Ia, II, MANET II and Mod.9Cr-1Mo, which had different concentrations in some elements and were tempered at different temperatures. The effects of the normalizing and tempering of heat treatment on tensile and impact behavior in martensitic steels before irradiation were reported by Schafer and Gondi. 35, 36) However, the mechanisms for the relation between the changes of yield strength and shift of DBTT due to irradiation in these martensitic steels are not clear, and it is necessary to reveal the effects of heat treatment and impurities on them. The optimum heat treatment will be required to improve resistances to radiation hardening and embrittlement. Another of purpose in this study is to present the effect of tempering conditions on irradiation hardening and shift of DBTT in F82H-std steel. Table 1 . In order to produce helium atoms the materials were doped with about 60 mass ppm B. The purity of isotope elements of 10 B and 11 B used in this study was about 95%. The 15 mm thick plates of F82H+B steels were normalized at 1040 C for 40 min in air followed by air cooling and tempered at 750 C for 60 min in air. Heat treatments for the 25 mm thick plates of F82H-std (IEA-heat, ID: 31W-11) were firstly performed at 750 C after the normalizing at 1040 C for 0.63 h in air followed by air cooling (single treatment). Second normalizing for the 5 mm thick blocks of F82H-std was carried out in a vacuum at 1040 C for 0.5 h followed by air cooling, and the time of subsequent tempering at 750 C was varied from 0.5 to 10 h in a vacuum. The second tempering was also performed at 780 C for 0.5 h in a vacuum (dual treatment). SS-3 specimens were used to evaluate the hardening in this study. The SS-3 tensile specimens were 0.76 mm thick with a gage length of 7.6 mm as shown in Fig. 1 and were taken parallel to the rolling direction.
Irradiation for the F82H+B specimens was carried out nominally at 300 C in the capsule 00M-65A of the Japan Materials Test Reactor (JMTR) in the Japan Atomic Energy Research Institute (JAERI) to neutron fluences of 1:4 Â 10 21 n/cm 2 (E > 1 MeV) and 1:2 Â 10 21 n/cm 2 (E < 0:683 eV), resulting in a displacement damage of $2:2 dpa. The averaged displacement damage induced by the reaction of 10 B(n,) 7 Li was calculated as about 0.2 and 0.1 dpa for the F82H+ 10 B and F82H+ 11 B+ 10 B, respectively. The total displacement damage due to the transmutation reaction and neutron irradiation was 2.4 dpa in the F82H+ 10 B. Irradiation for the F82H-std and F82H+B specimens was also performed nominally at 150 C in the capsule 00M-62A of JMTR to $1:9 dpa. The concentrations of helium in the specimens, which was generated through 10 B(n, ) 7 Li reaction, after the irradiations were measured using a mass analyzer of magnetic reflection type. In this measurement, helium gas was released into the measurement system from the ion-implanted specimen after melting. In this technique, a reference He gas was used for a calibration of the gas intensity into the concentration of He. 11 B specimens were performed at 300 C after irradiation. The increments of yield stress, ÁYS, and ultimate tensile strength, ÁUTS, due to irradiation are given in Fig. 2 . In the F82H+
10 B+ 11 B and F82H+ 10 B, the ÁYS and ÁUTS were very smaller than the F82H+ 10 B. The summary of tensile data is given in Table 2 .
Tensile tests of F82H+ 10 B, F82H+ 11 B, and F82H+ 10 B+ 11 B specimens irradiated at 150 C to 1.9 dpa were performed at 20 C. The ÁYS and ÁUTS are given in Fig. 3 . No significant increment of radiation hardening due to helium production was observed in this condition. The summary of tensile data is shown in Table 3 .
In Figs. 2 and 3 , ÁYS was larger in 10 B doped steel irradiated at 300 C to 2.3 dpa, but no increment was observed in the steel irradiated at 150 C to 1.9 dpa. No enhancement of radiation hardening at 150 C was similar to previous result of cyclotron experiment, 20) and the slight enhancement of the hardening at 300 C was also similar to the previous works of ion irradiation experiments. 18, 19) Thus, radiation hardening in the 10 B( 11 B) doped steels may depend on irradiation temperature. Radiation hardening is induced by the formation of defect clusters, and it can be evaluated by Orowan's theory for athermal bowing of dislocations around obstacles on a slip plane. 38, 39) The formation and growth of defect clusters depends on irradiation parameters such as temperature, dpa, dpa rate and helium production rate, 18, 22, 23, 40, 41) and the microstructures of the irradiated F82H+ 10 B, F82H+ 11 B, and F82H+
10 B+ 11 B specimens would be changed by irradiation, depending on irradiation temperature and helium production. More precious experiments are required to discuss the helium effect on radiation hardening.
Effect of heat treatment on tensile properties of
F82H steels irradiated at 150 C Figure 4 shows tensile curves of F82H specimens that were heat-treated at single and dual normalizing and temper- Fig. 2 Increments of yield stress and ultimate tensile stress of F82H+B steels irradiated at 300 C to 2.3 dpa. The tensile tests were performed at 20, 300 and 400 C. ∆UTS, σ /MPa ∆YS, σ /MPa RT RT Fig. 3 Increments of yield stress and ultimate tensile stress of F82H steels irradiated at 150 C to 1.9 dpa. The tensile tests were performed at 20 C.
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ing (N&T) conditions and then irradiated at 150 C to 1.9 dpa. The tensile tests were performed at 20 C. The tensile data of F82H steels before irradiation for the single and dual N&T treatments are given in Table 4 , 42) and the tensile property of dual N&T treatments is very similar to that of single N&T treatments. However, radiation hardening of dual heated F82H steel was smaller and the total elongation was longer than that of the single heated N&T specimen. The cause of the hardening changes induced by the re-heat treatment may be related with the levels of materials homogeneity in F82H steel. The effects of tempering time and temperature in the reheat treatment on tensile properties of F82H steels irradiated at 150 C to 1.9 dpa were also examined at 20 C. The summary of tensile data is shown in Table 3 . Figures 5(a) and (b) present the yield stress before and after irradiation, and the increment of yield stress due to irradiation, respectively, as a function of tempering time. The increment of yield stress due to irradiation tended to increase with increasing tempering time.
The relation between the shift of DBTT and the increment of yield stress due to 150 C irradiation in F82H steels heated with different tempering time and temerature is given in Fig. 6(a) . The ratios of ÁDBTT to ÁYS were in the range from 0.3 to 1.3 C/MPa, and the values tended to decrease with increasing time and temperature of tempering. In previous studies, DBTT of the specimens before and after irradiation was formerly examined. 43, 44) A similar result of the relation between ÁDBTT to ÁYS was reported for F82H-std irradiated at 250 C to 1.9 dpa as a function of time and temperature of tempering. 42) ÁDBTT of F82H-std irradiated at 250 C tended to decrease with increasing time and temperature of tempering, and the ratios of ÁDBTT to ÁYS were in the range from 0.2 to 1.0 C/MPa as given in Fig. 6(b) . In application of tempering for ferritic/martensitic steels, lower DBTT during irradiation is desired for a long life of fusion reactors, and tempering treatment with longer time or higher temperature seems to be better condition because of a smaller ratio of ÁDBTT to ÁYS. The tempering conditions are also important for the initial strength of structural materials of fusion reactor and we have to select the condition carefully.
It is reported that irradiation changes both the amount and chemical composition of precipitates in F82H, JLF-1 and ORNL-9Cr steels after the irradiation at 300 C to 5 dpa. 45) In this study, the pre-irradiation microstructures are considered to be different after different tempering conditions, and the number density and size of precipitates will be furthermore changed by irradiation. Chemical concentrations at defect sinks would be changed by radiation-induced segregation Table 3 Tensile data of F82H and F82H+B steels irradiated at 150 C to 1.9 dpa in JMTR. Some specimens were re-heated at different tempering conditions after the second normalizing at 1040 C for 0.5 h. (RIS). The deformation mode would be hence affected by the microstructural changes, the chemical compositions of precipitates and RIS. These may be the cause of different ratios between ÁDBTT and ÁYS given in Fig. 6 .
Conclusions
The influence of 10 B and 11 B additions on radiation hardening was examined in a reduced-activation martensitic F82H+B steel (8Cr-2W-0.2V-0.04Ta-0.1C-0.006B). The specimens used were 10 B doped, 10 B+ 11 B doped and 11 B doped F82H steels. Increment of radiation hardening, which contains about 330 appm, in the 10 B( 11 B) doped steels depends on irradiation temperature, although the displacement damage is not exactly same among the irradiations. The effect of 10 B addition on increment of radiation hardening was not observed for 150 C irradiation. The dependence of radiation hardening on tempering conditions, time and temperature, was also examined for a F82H-std steel irradiated at 150 C to 1.9 dpa. Irradiation hardening of the F82H-std steel due to this irradiation depended on temperature and time of tempering, and it tended to increase with increasing tempering time and temperature. Obtained relationship between the shift of DBTT and the increment of yield strength due to irradiation implies that an extension of tempering time or increase of tempering temperature would bring about a preferable effect on DBTT shift of F82H-std. 
